Mitochondria, once viewed as functioning relatively autonomously in the cell, have increasingly been recognized to be involved in numerous signaling networks that impact on a wide range of cell biological processes. In addition to the many types of proteins that mediate these pathways, the importance of signaling functions regulated via lipids and lipid second messengers generated on the mitochondrial surface is also becoming well appreciated. We focus here on phosphatidic acid, a lipid second messenger produced via several different pathways that can in turn stimulate the formation of multiple other bioactive lipids. Taken together, fascinating roles for phosphatidic acid and the connected lipids in mitochondrial function and interaction with other organelles are being uncovered. These pathways present new opportunities for the development of therapeutic approaches relevant to reproduction, metabolism, and neurodegenerative disease.
Introduction
Mitochondria, in addition to producing energy, participate in many other cell biological processes including propagation of calcium signaling and calcium storage, lipid synthesis and lipid transfer to and from other organelles, and apoptosis. The mitochondrial surface functions as a scaffold or platform upon which signaling events take place that regulate the above processes as well as mitochondrial morphology and subcellular trafficking. RNA processing events, including both translation and production of small RNAs (RNAi), also occur on the mitochondrial surface and require mitochondrial surface signaling or production of energy. Many of the signaling pathways involve the generation and degradation of specific lipids such as phosphatidic acid (PA), which can subsequently promote production of other signaling lipids. Disruption of these signaling pathways and the processes they affect cause a wide variety of diseases including neurodegenerative and metabolic disorders and infertility. In many cases, we do not have a full mechanistic understanding of how alterations in mitochondrial surface lipid signaling pathways link to the processes they control and subsequently to the diseases that ensue; thus numerous areas of investigation are intensively under exploration.
Organelle function Phosphatidic acid biogenesis and signaling pathways
PA is a bioactive lipid that sits at the nexus of a number of lipid synthetic and signaling pathways ( Fig. 1) (Jenkins and Frohman, 2005) . PA can be generated via hydrolysis of the phospholipids phosphatidylcholine (PC) and cardiolipin (CL) by classical Phospholipase D (PLD) family members found on many cytoplasmic membrane surfaces and by MitoPLD, the PLD family member found on the mitochondrial surface (Choi et al., 2006) , respectively. PA can also be generated by phosphorylation of the signaling lipid diacylglycerol (DAG) through the action of a large family of DAG kinases (DAGK), or via addition of a fatty acid side chain to lysoPA through the action of LysoPA acetyl transferases. In turn, PA can be reversibly be metabolized to LPA by Phospholipase A2, or dephosphorylated by PA phosphatases such as the enzyme Lipin 1 to form DAG (Han and Carman, 2010) .
PA is a negatively-charged phospholipid that can effect changes in cell biological processes through several potential mechanisms in any specific setting. First, as a consequence of the small lipid head-group and negative charge, PA induces membrane bilayers to undergo negative curvature, which is thought to facilitate both fusion and fission of membrane organelles such as mitochondria (Choi et al., 2006) or secretory vesicles during trafficking to and from sites such as the plasma membrane (Huang et al., 2005) or Golgi complex (Yang et al., 2008) . DAG can also facilitate fission events (Fernandez-Ulibarri et al., 2007) . Second, PA can serve as a lipid anchor to recruit effectors such as fusogenic (Nakanishi et al., 2004) , trafficking (Yang et al., 2008 , Manifava et al., 2001 , and lipid-modifying (Huang et al., 2011a) proteins to membrane surfaces and in some cases activate them.
Mitochondrial functions mediated by outer membrane signaling pathways
As opposed to being static organelles with the simple role of producing energy, mitochondria are now recognized to be dynamic in morphology, to require subcellular trafficking to perform their functions where needed, and to participate in a wide range of cell biological functions including cell death pathways and calcium homeostasis (Soubannier and McBride, 2009) . Mitochondrial fusion facilitates mitochondrial DNA replication error checking and repair and has been proposed to be important for energy production, since fragmented mitochondria in cells lacking fusion machinery are less efficient at generating ATP (Chen et al., 2005) . However, this remains an unsettled issue since it has not been demonstrated that mitochondria in the fragmented conformation are less able to produce ATP under physiological conditions. The heart, for example, relies strongly on oxidative phosphorylation to generate ATP and in this tissue, mitochondria are not fused. Fission is vital to permit damaged mitochondrial components to be recycled via autophagy (Twig et al., 2006) and to facilitate mitochondrial trafficking to sites where energy production is most required (Campello et al., 2006, Chada and Hollenbeck, 2004) . Drp1, a dynamin-related protein that mediates mitochondrial fission by constricting and severing the mitochondrial membranes (Frank et al., 2001) , is also tied to cell death pathways; fission is linked to apoptosis, resulting in release of cytochrome C and other mediators of cell death, via translocation of BCL-2 family members to the mitochondrial surface (Llambi et al., 2011) .
Close approximation of mitochondria to the ER have long been noted at restricted regions of the ER known as mitochondrial-associated membranes (MAMs) and at restricted regions of the mitochondria newly recognized to constitute sites where fission will take place (Friedman et al., 2011) . Functional interactions appear to take place in both directions; the ER has been shown to mediate the fission process possibly through recruiting Drp1; conversely, mitochondria take up calcium released by the ER during signaling events and propagate the calcium signaling wave through fusion of these mitochondria with ones further away from the ER and transfer of the calcium to them (Patergnani et al., 2011) ; calcium also regulates mitochondrial trafficking on microtubules (Saotome et al., 2008) . MAMs are additionally critical for lipid transfer that needs to take place between mitochondria and the ER. Finally, as will be discussed subsequently, mitochondria play a poorly understood but fascinating signaling role in spermatogenesis at a stage earlier than which the fusion machinery is required (Huang et al., 2011a , Watanabe et al., 2011 .
The coordination of these mitochondrial functions with cellular signaling pathways and requirements is currently understood to differing extents. Mitochondrial fusion is known to change in rate in response to extracellular stress and growth factor signaling and at specific points in the cell cycle (Soubannier and McBride, 2009 ), but the factors that regulate the rate of fusion have not been identified (Schauss et al., 2010) ; in this context, PA may have a role (Choi et al., 2006) as discussed below. Regulation of fission is better understood; a number of different types of post-transcriptional modifications of Drp1 facilitate its requirement to the mitochondrial surface. Interestingly, the mitochondrial-specific lipid CL, which is found mostly inside the mitochondria but also to a limited extent on the surface (Schlattner et al., 2009 ), functions to recruit and/or facilitate the action of both Drp1 and pro-apoptotic members of the BCL-2 protein family through a process that involves membrane remodeling and permeabilization (Montessuit et al., 2010 ) that PA and DAG might also affect. Finally, the lipid DAG recruits proteins involved in regulating energy production, such as PKCδ (Stahelin et al., 2004) and PKD1 (Cowell et al., 2009) . DAG is also associated with membrane fission in the context of vesicle trafficking, and recent findings suggest that it may play a role in fission for mitochondria as well (Huang et al., 2011a) , in particular at sites now also recognized to be MAMs (Friedman et al., 2011) .
Cell Physiology

PA signaling roles on the mitochondrial surface
MitoPLD, a divergent member of the PLD superfamily, was found to localize to the mitochondrial surface via insertion of an N-terminal transmembrane and to produce PA there via the hydrolysis of CL (Choi et al., 2006) . This was an unexpected finding since MitoPLD is most similar to a prokaryotic PLD that functions as an endonuclease, and after that most similar to bacterial cardiolipin synthase (CLS), which also functions via a PLDlike mechanism (CLS in animals is an unrelated gene with no sequence similarity to PLD family members). Nonetheless, nuclease and CLS activities have not been demonstrable for MitoPLD, whereas evidence for production of PA comes from several lines of approach.
Increasing levels of production of PA on the mitochondrial surface results in mitochondrial aggregation, a phenomena associated with exaggerated levels of proteins known to mediate fusion; conversely, acute elimination of MitoPLD-generation of PA using RNAi or expression of a dominant-negative allele that lacks catalytic activity results in mitochondria fragmentation. In principle, this type of alteration in the balance of fusion and fission could reflect either a role for MitoPLD / PA in facilitating fusion or in inhibiting fission. Assays that specifically measure rates of fusion, however, suggest that PA functions to facilitate the fusion process, albeit the mechanism through which it does so is unknown. Mouse embryo fibroblasts lacking MitoPLD have shortened mitochondria, although the phenotype is less dramatic than that seen with acute depletion of MitoPLD via RNAi targeting or expression of a dominant-negative allele (Huang et al., 2011a) , suggesting compensatory mechanisms that could involve increased fusogenic activity by other components such as Mfn1, or decreased Drp1-mediated fission. Finally, Drosophila lacking MitoPLD (as achieved by RNAi-mediated knockdown) exhibit increased dorsal lamina closure during gastrulation, a process promoted by mitochondrial fragmentation (Muliyil et al., 2011) .
As discussed earlier, PA can be metabolized to DAG by the PA phosphatase Lipin 1 (Han and Carman, 2010) , mutation of which has been associated with metabolic and neurological disease. MitoPLD-produced PA recruits Lipin 1 to the mitochondrial surface, leading to DAG production there (Huang et al., 2011a) . Interestingly, the Lipin 1 catalytic domain translocates to fission sites in a PA-independent manner and strongly promotes mitochondrial fission, suggesting a two-step mechanism wherein PA generated during the fusion process recruits Lipin1 to the mitochondrial surface, resulting in a conformational change in Lipin1 that exposes a second mitochondrial interaction mechanism that focuses Lipin on fission sites to produce the profission lipid DAG there and facilitate division. In some circumstances, fusion and fission events have been linked both temporarily and spatially (Liu et al., 2009 , Twig et al., 2008 , suggesting a collusion between the protein machinery that this lipid signaling scenario would fit well with. Since Lipin 1 is frequently recruited to the ER, another site of PA abundance, it is also possible that Lipin 1 localized at ER MAM sites might interact with mitochondrial fission sites in a trans-organelle manner. The DAG produced by Lipin may also serve to recruit PKD (Cowell et al., 2009) or PKCδ (Stahelin et al., 2004) in the context of extracellular or stress-signaled fusion events.
Organelle Pathology Roles for PA early in spermatogenesis
Mice lacking MitoPLD are viable and grossly normal (Huang et al., 2011a , Watanabe et al., 2011 , although phenotypes in brain and other tissue systems might yet be uncovered once provoked or formally assessed. A fully-penetrant phenotype, however, consists of male infertility involving lack of progression of spermatogenesis during meiosis beyond the early pachytene stage (Huang et al., 2011a , Watanabe et al., 2011 . The direct cause of the meiotic block is that spermatocytes lacking MitoPLD fail to generate a specialized form of RNAi known as piRNA that is required to suppress transposon mobilization which otherwise causes lethal levels of genomic damage if not checked (Suh and Blelloch, 2011) . A similar phenotype is present in Drosophila, in which MitoPLD was independently identified as Zucchini (Zuc) in a genetic screen for fertility (Hales and Fuller, 1997) .
These findings raise the question of how generation of PA on the surface of the mitochondria could regulate biogenesis of piRNA. Intriguingly, the piRNA is generated in an organelle known as the nuage or intermitochondrial cement, an electron-dense amorphous structure that is juxtaposed to the mitochondria during this stage of meiosis (Chuma et al., 2009) . The nuage contains the RNA precursors used to generate the piRNA small RNAs as well as many of the other proteins known to be required for piRNA generation. Strikingly, the nuage is not associated with the mitochondria in spermatocytes lacking MitoPLD, and as well, both the mitochondria and other piRNA-generating proteins normally found in the nuage are mislocalized to the peri-centrosomal region (Huang et al., 2011a , Watanabe et al., 2011 .
A number of possibilities exist at present. First, given its homology to the endonuclease branch of the PLD superfamily, it remains possible that MitoPLD/Zuc could be the actual RNA cleaving enzyme that generates the piRNA, even though this activity has not thus far been demonstrable, since the enzyme that performs the RNA processing has not yet been identified. Assuming, however, that the key event is dependent on the generation of PA, there are several other possibilities. First, the physical association between the nuage and mitochondria might be mediated by the production of PA, since it is a negatively-charged lipid and the nuage is highly abundant in basic proteins (Paniagua et al., 1985) , creating a potential for electrostatic interaction. Second, as has been shown in many other systems, MitoPLD could recruit and /or activate cytoplasmic or nuage proteins via PA-binding domains to function in associating the nuage with the mitochondrial surface or more directly generating the piRNA or loading it onto the proteins that will perform the suppression of transposon mobilization. Finally, an intriguing possibility comes from the finding that the microtubule motor Kinesin heavy chain (KHC) is a PA-binding protein (Manifava et al., 2001) . A significant fraction of KHC is found in association with mitochondria, and in cells lacking kinesin, the mitochondria mislocalize to the peri-centrosome (Tanaka et al., 1998) . Developmental RNAs, in particular large ones like those used as templates for piRNA, are frequently transported along microtubules. Halting of the RNA movement in some cases has been shown to proceed from KHC or an adaptor protein binding to an immotile target (Zimyanin et al., 2008) . As one possibility, piRNA template RNAs and/or nuage translocating on microtubules via KHC might halt at mitochondria with high levels of surface PA through a PA-KHC interaction (Fig.2) . In the absence of KHC-PA interaction, mitochondria and the piRNA precursors would fail to interact, permitting centrally-directed dynein transport to predominate. In an elegant study, it was shown that mitochondrial fusion proceeds and resolves differently depending on whether the mitochondria impact on the same microtubule in a head-on collision as opposed to being on tangential microtubules and undergoing a glancing side-to-side impact (Liu et al., 2009) . One could hypothesize that interaction of mitochondria and piRNA precursors translocating on different microtubules might be hard to resolve if KHC binds strongly to PA and the PA levels are high in that setting, leading to the formation of a "sink" of juxtaposed mitochondria and RNA processing granules, as is seen at this stage of spermatogenesis.
Future Outlook
Many directions are now timely to undertake to address questions that have arisen from these findings. As one possibility, many of the piRNA generating proteins are expressed in somatic tissues (Yan et al., 2011) , including MitoPLD (Choi et al., 2006) , and the nuage-like P-body RNA granules in which siRNAs and miRNAs are generated have been shown to associate physically with mitochondria (Huang et al., 2011b) . Strikingly, the ability of the mitochondria to generate ATP has a substantial effect on the ability of P-bodies to generate the siRNAs and miRNAs, and key nuage proteins such as Ago2 mislocalize away from the P-body when the mitochondria are energetically compromised (Huang et al., 2011b) . Whether MitoPLD and PA function in the role mitochondria play in facilitating generation of siRNAs and/or miRNAs in somatic tissues remains unknown.
Small molecule inhibitors have been generated for other members of the PLD superfamily (Scott et al., 2009 , Su et al., 2009b . The first inhibitor, FIPI, was identified in a large screen for PLD2 inhibitors and then shown to inhibit both PLD1 and PLD2 but not MitoPLD (Su et al., 2009a) ; combinatorial chemistry on the initial lead was employed in parallel to generate isoform-selective inhibitors (Scott et al., 2009) . Although MitoPLD generates the same product, PA, as PLD1 and PLD2, it uses a different substrate, CL, and it is evolutionarily quite divergent from PLD1 and PLD2, which are 50% identical to each other. Hence it is not surprising that FIPI does not inhibit MitoPLD. At present, the in vitro CL hydrolysis assay for MitoPLD is labor-intensive (Choi et al., 2006) ; however, it would be straightforward to identify leads by performing high through-put cell-based screens for compounds capable of blocking MitoPLD-induced mitochondrial aggregation. Given the absence at present for other phenotypes in mice lacking MitoPLD, a MitoPLD small molecule inhibitor presents an intriguing opportunity for a reversible and fully-effective male contraceptive agent.
Finally, therapeutic gain might also be achieved through manipulation of the mitochondrial fusion and fission machinery. mDiviA, a small molecule inhibitor of Drp1-mediated fission, has been reported to confer benefit via suppression of apoptosis in the setting of kidney transplants (Brooks et al., 2009 ) and cardiac (Ong et al., 2010 ) and brain (Grohm et al., 2012) ischemia reperfusion injuries. On the other hand, ablation of Mfn1, which promotes fusion, triggers mitochondrial fragmentation in cardiomyocytes and has been reported to increase tolerance to stress-induced mitochondrial dysfunction and cell death (Papanicolaou et al., 2012) . Whether other functions for Drp1 and Mfn1 underlie these findings or whether manipulating mitochondrial morphology in itself offers therapeutic possibilities requires further exploration.
Organelle facts
• Mitochondria are dynamic organelles, frequently undergoing fusion and fission and trafficking along the cytoskeleton.
• The mitochondrial surface serves as a scaffold for multiple cell biological processes.
• Interaction of the mitochondria with the endoplasmic reticulum is important in the maintenance of calcium homeostasis and for exchange of phospholipids between the organelles. Interaction of mitochondria with nuage, an RNA granule and processing organelle, is critical for biogenesis of piRNA, a specialized form of RNAi, during spermatogenesis.
• Lipid signals generated on the surface of the mitochondria help regulate mitochondrial trafficking, fusion, fission, and interaction with the endoplasmic reticulum and nuage. Key lipids on the mitochondrial surface also play important roles in apoptosis, mitophagy, and ROS generation.
• Mitochondrial dysfunction resulting from altered lipid signaling of phosphatidic acid and connected lipids causes infertility, the major focus of this review, but may also contribute to neurodegenerative disease and metabolic disorders.
Fig. 1. Signaling Lipids
Phosphatidylcholine (PC) and Cardiolipin (CL), which are major phospholipids in the plasma membrane and mitochondria, respectively, can be converted by members of the PLD superfamily into PA, which in turn can be used to generate DAG. PA also stimulates the enzyme Phosphatidylinositol 4-phosphate 5-Kinase to generate PIP 2 , which can be converted to DAG via the actions of Phospholipase C. Several of these actions are reversible, for example conversion of DAG back to PA by DAGK. Green shapes indicate proteins that bind to the lipids in the context of signaling on the mitochondrial surface and processes that the proteins and/or lipids are involved in. Upper part of schema: mitochondrial fusion is facilitated by MitoPLD-generated PA. The fusion event is terminated through the conversion of PA to DAG by Lipin1, leading to fission. Disruption of these pathways may have neurological or metabolic consequences through decreasing the rate of fusion or via effects on CL and Drp1-or DAG and Lipin1-mediated fission events or signaling to other enzymes such as PKCδ. Lower part of schema: piRNA template RNAs and/or nuage translocating on microtubules via KHC in spermatocytes are proposed to halt via a PA-KHC interaction at mitochondria exhibiting high levels of surface MitoPLD-generated PA. In the absence of MitoPLD-generated PA, piRNA biogenesis does not occur, leading to transposon activation, DNA damage, triggering of meiotic checkpoints, spermatocyte apoptosis, and infertility.
